Helices are the "hydrogen atoms" of biomolecular complexity; the DNA/RNA double hairpin and protein α-helix ubiquitously form the building blocks of life's constituents at the nanometer scale. Nevertheless, the formation processes of these structures, especially the dynamical pathways and rates, remain challenging to predict and control. Here, we present a general analytical method for constructing dynamical free-energy landscapes of helices. Such landscapes contain information about the thermodynamic stabilities of the possible macromolecular conformations, as well as about the dynamic connectivity, thus enabling the visualization and computation of folding pathways and timescales. We elucidate the methodology using the folding of polyalanine, and demonstrate that its α-helix folding kinetics is dominated by misfolded intermediates. At the physiological temperature of T = 298 K and midfolding time t = 250 ns, the fraction of structures in the native-state (α-helical) basin equals 22%, which is in good agreement with time-resolved experiments and massively distributed, ensemble-convergent molecular-dynamics simulations. We discuss the prominent role of β-strandlike intermediates in flight toward the native fold, and in relation to the primary conformational change precipitating aggregation in some neurodegenerative diseases.
I
f there is one signature characteristic of biological macromolecules, it is the presence of helices. The double helix is the dominant feature of DNA and RNA, and, in proteins, the α-helix is the most ubiquitous structural motif. The formation and decay of α-helices play a pivotal role in protein folding (and misfolding). Indeed, even for proteins containing little native helical structure, helix formation, concomitant with hydrophobic collapse, seems to be a universal precursor of the folding process (1), much as the nonnative conversion of helical (or disordered) to β-strand-rich structures is the precursor to protein aggregation diseases such as Alzheimer's (2) . Although the thermodynamics of such transformations was well understood beginning with the 1950s, the dynamical pathways and rates involved have remained an area of active research. Thus, relatively little was known about the associated kinetics until the end of the 1990s (3) . With the advent of temperature-jump (T-jump) experimental techniques, the rates of the helix−coil transitions became readily measurable (4) (5) (6) , whereas the progress in temporal resolution spanning both the nanosecond (7) and picosecond (8) regimes elucidated the early steps of folding/unfolding. Importantly, studies of the elementary steps accompanying such processes can now uncover the nature of kinetic-intermediate states, as well as their characteristic lifetimes (8, 9) .
Here, we introduce a statistical mechanical method of constructing dynamical free-energy landscapes of helices. The dynamical landscape allows folding pathways and rates to be visualized and computed in terms of elementary structural steps. For a representative polypeptide with high helix propensity (polyalanine), we construct the dynamical landscape and simulate the folding dynamics using the kinetic-intermediate structure (KIS) model of α-helix elongation. Surprisingly, and in agreement with ensembleconvergent molecular-dynamics (MD) simulations, we find that the α-helix folding timescale and pathways are dominated by misfolded β-hairpin-like kinetic intermediates. These off-pathway misfolded intermediates characterized by nonhelical hydrogenbonding contacts significantly increase the effective enthalpic folding barrier. The results of the model, which reproduce the measured helix folding rates, are consistent with ensembleconvergent MD simulations, and explain why the measured rates are two orders of magnitude slower than those of the elementary nucleation and elongation steps. The potential importance of these thermodynamically underrepresented kinetic intermediates in folding, misfolding, and aggregation should now be explored in other polypeptides and proteins. In what follows, we discuss the results of the KIS model and provide a comparison with those we obtained using all-atom simulations and experimental studies of α-helix folding/unfolding.
Interestingly, the bifurcation of trajectories (10) and the presence of reactive intermediates (11) found here mirror the behavior in elementary reaction dynamics (11) (12) (13) . Even in three-atom systems (ABA), it was shown that intermediate structures persist, and their existence accounts for the observed lengthening of the lifetimes involved in the rate process (12, 13) . The thermodynamic description in this case misses features of the dynamic energy surface and of course provides neither the extent of bifurcation nor the rates of the involved processes.
Ensemble-Convergent Molecular Dynamics
It is now well established that, due to nonnative structure formation, the so-called "random-coil" (unfolded) state of proteins is neither random nor completely denatured (14) . In a similar way, collapsed (but not folded) structures of α-helical proteins may be
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stabilized by nonnative hydrogen bonds (15) , giving rise to β-hairpin-like moieties (16) and "intramolecular amyloid" motifs (17) . To illustrate the effect of protein misfolding, we begin by examining the folding process of alanine polypeptide in aqueous solution, which has long served as the model system for studying α-helix formation. As described in SI Text, the MD simulations were carried out, using the CHARMM force field, on the macromolecule solvated in a box of atomistic water and counterions. Care has been taken to ensure the convergence of numerous trajectories (n = 287) to represent the behavior of the entire ensemble.
An examination of subpopulations that dominate large ensembles consisting of 25-residue polypeptides of alanine amino acids (A 25 ; Figs. 1 and 2 ) reveals that α-helical nuclei form within several nanoseconds across the entire macromolecular ensemble, whereas water-mediated structures resembling β-hairpins that appear to encompass a larger fraction of the macromolecule than α-helices during the initial stages of folding control the helix elongation rate. Indeed, because growth of helical islands requires unraveling of misfolded structural motifs that hinder further zipping, the helix elongation process in polyalanine appears to be significantly slower than the helix nucleation process. Moreover, the gradual decay of the β-hairpin population correlates with the rise of helicity fraction across the MD ensemble of A 25 at longer simulation times (Fig. 2) .
Another important observation we made during the course of the ensemble-convergent MD simulations was the predominant validity of the single-sequence approximation (SSA), in which only one helical segment is present at a time within a given polypeptide chain. As evidenced in the results of Fig. 2A , the SSA holds for an absolute majority of studied macromolecular structures, which is explained by a significant barrier to nucleating multiple helices during the initial stages of folding. For A 25 , this barrier may be attributed to the β-hairpin-like misfolded motifs that prevent formation of new α-helical nuclei following the initial nucleation event (Fig. 1) . Being an important postulate of the equilibrium and "kinetic zipper" models (5, 18, 19) most commonly used to describe macromolecular transformations, the SSA is also an approximation used in our KIS model of helix-coil transitions in biopolymers such as DNA (20) (21) (22) and α-helical polypeptides. Significantly, this makes all of the relevant (partially folded) states of the macromolecule describable by just two variables (i and j; see below). In the following, we take advantage of the SSA to formulate a pictorial model of α-helix elongation and demonstrate that, by properly incorporating the effect of misfolding, the KIS model provides a robust mechanism of the α-helix formation kinetics.
KIS Landscape
In a typical free-energy landscape parameterized by coarsegrained structural coordinates, the conformational space, even for a short polypeptide, contains many more degrees of freedom than can be plotted. The approach to studying the landscape is to either project structural degrees of freedom onto a 1D-or-2D landscape parameterized by coarse-grained coordinates (23, 24) , or to dispense with the landscape and represent the relevant states explicitly (e.g., as Markov states) (25, 26) . In ref. 26 , Wales and colleague have demonstrated the applicability of the latter methodology for polyalanine, and, in this approach, the set of Markov states and the transition rates between the states must be related to relevant conformational structures.
Here, we describe the KIS model for the folding of 1D motifs such as helices, which has the additional property of being "kinetically connected," in that all states that can interconvert via an elementary folding step (i.e., a single helical contact) are neighbors on the grid, and vice versa. All of the microstates in a given state on the "KIS landscape" share the same folded (helical) region of the peptide and can be represented by a single structural motif. Consequently, kinetic connectivity allows for the structural visualization and calculation of kinetic pathways and rates, respectively, once the free-energy landscape is built on this grid. For a polypeptide capable of forming L α-helical hydrogen bonds {k . .
, are chosen to represent the numbers of such bonds that are broken ("unzipped") counting from the C and N termini of the chain, respectively (Fig. S1A) . We note that the choice of the coordinates implicitly constrains the model to the SSA. All intermediate states are then represented by the unique set of coordinates {(i, j)} on the 2D reaction coordinate grid, with the native-fold (α-helical) structure of the protein located at (0, 0). Therefore, every given node (i, j) of the grid corresponds to an ensemble of macromolecular structures that share the same set of intact α-helical hydrogen bonds but may differ in their detailed atomic coordinates, including all possible conformations of the nonhelical moieties of the chain. The only state that is not associated with a unique point on the grid is the "coil" (or completely unfolded ensemble), which is represented by the points on the diagonal boundary of the coordinate space (i, L -i). The KIS free-energy landscape G(i, j) that defines the folding behavior of the macromolecular ensemble is obtained by calculating the free energy for each (i, j)-state with respect to the unfolded state (i, L -i), as well as the interstate misfolding barriers that are crossed during the course of transitions between neighboring states. The barrier going from (i, j) to (i -1, j) is equal to the enthalpic penalty of breaking a nonnative hydrogen bond weighted by the probability, over all possible conformations, that position i is occupied by a nonnative bond in state (i, j).
KIS Dynamical Free Energy Landscape
Significantly, although the KIS landscape of A 25 is only parameterized by the number of broken native hydrogen bonds on either end of the α-helix, the contribution of the entire subensemble of possible misfolded (β-hairpin-type) motifs retarding the folding kinetics is accounted for in the interstate barriers (or roughness) of the landscape. Below, we demonstrate that, in contrast to the behavior exhibited by simple chemical systems, in systems with numerous degrees of conformational freedom the abovementioned roughness can overwhelm the free-energy differences and on-pathway (entropic) barriers between (i, j)-states along folding trajectories (Fig. S1B) , thereby determining the overall folding behavior and its timescales.
Kinetic Zipper Model
The widely used (27) kinetic zipper-or nucleation-elongationmodel (5, 18, 19) of α-helix formation was introduced by Eaton and colleagues in the late 1990s, and lucidly characterizes the on-pathway elementary processes involved. In the model, the nucleation step, which comprises the entropy-dominated conformational search for the correct helical alignment of three sets of consecutive backbone torsional angles, is the slowest step of the helix folding process. Each subsequent "zipping" (or elongation) event, which requires the helical alignment of only one set of torsional angles, proceeds at a relatively faster rate. If these elementary steps are the only ones involved, their cumulative times would determine the helix formation rate. However, depending on the protein sequence, long-lived off-pathway kinetic intermediates Ensemble-convergent MD simulations. At T = 278 K, the results indicate that rapid formation of α-helical nuclei across the ensemble of A 25 is followed by severe folding retardation caused by the predominance of misfolded β-hairpin-like structural motifs (A). Elongation of α-helical sequences (black, 0%; yellow, 100%) is mostly hindered by formation of long, single-end-capping β-strands ("left + right"; black, 0%; yellow, 16%), with the share of end-to-end contacts being negligible (black, 0%; yellow, 1%). Individual residues k are numbered from -24 to +24 with the center of each helical stretch in the MD ensemble fixed at the origin by definition (B); see Fig. S1C .
may impede the zipping process. Indeed, helix folding experiments demonstrated that the timescale of the nucleation step could be relatively fast: α-helix nucleation, when observed under no-zipping conditions, occurs on a few-nanosecond timescale, which is consistent with analytical and computational assessments carried out in this (8, 9) and other laboratories (28, 29) . In contrast, the overall helix folding timescale at room temperature is broadly distributed depending on sequence, typically being hundreds of nanoseconds (18, 19) . Equally important is the fact that the enthalpic barrier for diffusion-limited helix formation is at most 4 kcal/mol (due to the temperature dependence of the viscosity), whereas the measured barrier is 8 kcal/mol. The discrepancy of ∼4 kcal/mol between on-pathway folding and the experimental evidence cannot be accounted for by mechanisms like, e.g., dipole-dipole interactions (18) and suggests that the elongation process may be more nuanced than one would naïvely expect. Indeed, if the folding barrier were primarily entropic in nature, experimentally measured folding times would likely not differ by several orders of magnitude for α-helical polypeptides of different sequences and similar lengths (30) . The above picture suggests that relevant off-pathway interactions besides (native) α-helical contacts can, in fact, comprise the rate-determining step. Therefore, by extending the kinetic zipper framework to the misfolding-dominated regime, the KIS landscape can be used to describe the spectrum of sequencedependent helix formation mechanisms.
Results and Discussion
Despite being feature-rich, the free-energy landscape of α-helix folding as obtained from the KIS model for A 25 (Fig. 1) can be characterized by two major domains corresponding to structurally diverse populations: (i) misfolded and (ii) seminative. The latter, much smaller in size, consists of helices with up to four broken terminal k . . . k + 4 contacts that rapidly zip toward the native fold, whereas the former is shaped by a maze that funnels the helical motifs nucleating close to the middle of the polypeptide chain into the major along-the-diagonal folding locus and, simultaneously, retards those nucleating in the vicinity of the termini of the chain. The macromolecular structures populating the larger basin range from β-hairpin-dominated (and kinetically trapped in the rough i >> j and j >> i subdomains) to long α-helix stretches capped by small misfolded loops (i ∼ j).
As evidenced in the results of Fig. S2A , the former gradually evolve toward the native fold as the β-hairpin stretches are slowly unraveled, which gives rise to a severely misfolded population, whereas the latter need to surmount a relatively low free-energy barrier to proceed with the (fast) end-segment zipping, the height of the barrier being mostly determined by the capping loops. Indeed, the ensemble-averaged helix content as well as the population and location of misfolded structural motifs (Fig.  2B) as obtained from our ensemble-convergent MD simulations indicate that single-end-capping hairpins (denoted "left" and "right" in Fig. 1 ) are significantly more stable and abundant than end-to-end hairpins. We note that, given the roughness of the landscape of Fig. 1 , the interconversions between individual microstates must be dominated by unraveling of misfolded-structure motifs off the α-helix reaction pathway rather than conformational diffusion along the pathway.
For coil-to-helix transformation of A 25 in aqueous solution, ensemble-convergent Monte Carlo simulations of α-helix elongation, starting at random nucleation sites, were performed on the KIS free-energy landscapes at various temperatures. Depicted in Fig. 3 carried out at T = 278 K, with and without the free-energy landscape roughness being taken into account. Clearly, the interstate barriers associated with misfolding and loop formation play a dominant role in determining the actual processes involved, as well as their characteristic timescales: Only the KIS landscape that incorporates the interstate barrier contributions from all possible nonnative interactions (Fig. 3A) can reproduce the population dynamics of the ensemble-convergent MD simulations (Fig. 3B) .
At T = 278 K, the macromolecular structures characteristic of i >> j and j >> i misfolded subdomains remain kinetically trapped as they oscillate between (partial) unfolding and refolding on their way to the native (0, 0) state, whereas at T = 298 K, due to the entropy-driven tilting of the underlying freeenergy landscape associated with the native hydrogen bonding alone, the i ∼ j subdomain becomes accessible to them as well (Fig. S1D) . As a result, the kinetic flux through the misfolded intermediate states in the A 25 KIS landscape (Fig. S2B) differs radically for the two temperatures. Thus, the increased availability of the i ∼ j folding locus at higher temperatures leads to the onset of a (faster) temporal component τ 2 associated with rapid zipping along the diagonal of the landscape (naturally, the slower τ 1 route characteristic of near-the-edge i >> j and j >> i folding pathways is present at all temperatures as it is solely determined by free-energy landscape roughness; Fig. S1D ).
At T = 278 K, for which the ensemble-averaged fraction of α-helix content nears 100% at equilibrium, the simulations predict a temporal helicity profile characterized by τ 1 = 480 (10) ns (Fig. 4) . As stated above, the clear-cut biexponential behavior characteristic of A 25 at higher temperatures is explained by the bifurcating nature of the free-energy landscape. Indeed, the faster (tens of nanoseconds) temporal component that contributes ∼14% of the signal amplitude at T = 298 K appears to stem from the rapid zipping of the inner segments of polypeptide chains, whereas the elongation of terminal helices, which occurs on a much slower timescale, and accounts for ∼86% of the signal amplitude, defines the rate-determining step. The "biexponential" folding behavior evidenced in the results of Fig. 4 at higher temperatures evolves into a single exponential at T = 278 K because relative accessibility of the diagonal folding locus (with folding time τ 2 ) of the KIS landscape exhibits a pronounced temperature dependence (Fig. S2B) .
The above picture agrees with experimental results (4, 6, 18) . Furthermore, the occurrence of hairpin-like intermediates is noted in computational (MD) studies (31, 32) . As evidenced in the results of Fig. 4B , the folding rates, as obtained from the KIS model for A 25 , are in remarkably good agreement with the experimental measurements (18) . In addition, the effective barrier as obtained from the (quasi-Arrhenius) dependence of folding rates on temperature, 7.9(2) kcal/mol, exhibits a weak variation with the polypeptide chain length and remains consistent over a wide range of temperatures; its value is in excellent agreement with an early experimental estimate of 8 kcal/mol (18) . Accordingly, one-half of the barrier height, which cannot be accounted for by on-pathway mechanisms, is associated with the barrier to collective cleavage of nonnative hydrogen bonds that impede the coil-to-helix transition. The effect of misfolding barriers on α-helix formation can be seen in the dramatic dependence of folding timescales on the location of the seeding helical nucleus within the chain (Fig. S2A) .
There are experiments in the literature that support the presence of intermediates, but here we want to mention the two that elucidate the effect of the initial temperature of an ensemble of macromolecules on their rates. Unlike the normal (Arrheniustype) behavior, in which the rates typically increase as the temperature increases, for macromolecules with many intermediates on the energy landscape raising the initial temperature (and measuring the rate) for a helical polymer structure or the α-helix refolding results in a slowdown of the relaxation process and hence the decrease in the rates (33, 34) .
Conclusion
The most significant concept that emerges from our studies is that α-helix formation is a three-step process involving "helix nucleation," "helix intermediates bottleneck," and "helix zipping." In the bottleneck, trajectories of all collapsed (nonnative) structures that form relatively long-lived misfolded intermediates must be included to obtain the folding rate. Nonnative interactions have long been expected to lead to a slowdown of the folding process. However, here we demonstrate, using the KIS landscape, that the relatively long time of folding in, e.g., polyalanine (A 25 ) can be predicted and compared with ensembleconvergent MD simulations and experimental measurements.
We note that, in the case of α-helix folding of A 25 , the so-called "conformational diffusion" (35) is rate-limited by misfolding . The τ 1 and τ 2 processes give rise to biexponential growth of helicity fraction at physiological temperatures, with the slower timescale in excellent agreement, over a wide temperature range, with that obtained from T-jump data of an alanine-rich peptide of comparable length (18) . A rapidly decreasing contribution of τ 2 to the overall signal amplitude is depicted with a gray dashed line fading out at lower temperatures (B).
barriers (roughness of the free-energy landscape), rather than entropy (size of the total conformational space). We also note that for significantly shorter polyalanine chains, such as A 5 (36) , the rate is expected to be orders of magnitude faster, reaching the timescale of the initial process, nucleation. In general, protein folding is governed by the topography (37) of the free-energy landscape (38) and is therefore sequence dependent. The contribution reported here, using the KIS landscape, illuminates the nature of the folding processes characteristic of the basic unit of biological complexity, the α-helix. The important features of the KIS landscape lie in its kinetic connectivity between adjacent states as well as in the inclusion of trajectories originating from the misfolded β-hairpin-like intermediates for the determination of the rates involved. These intermediates may be probed by optical techniques such as nanosecond (39) CD spectroscopy, which enables the measurement of the contribution of the α-helix, β-strand, and random-coil in the ensemble (40) .
The timescale and mechanism of β-hairpin involvement in the folding process should be relevant to the primary conformational transition precipitating protein aggregation in diseases such as Alzheimer's. In this case, analogous to A 25 , β-hairpins are thermodynamically unstable in the population of isolated peptides that are implicated in the disease, both in aqueous solutions (41, 42) and under α-helix-rich membrane-associated (43) conditions. However, antiparallel β-hairpin-like structures (44, 45) have been observed in the aggregated oligomeric state responsible for neurotoxicity (46) . This suggests that initiation of the oligomer begins with a misfolded β-hairpin kinetic intermediate that is subsequently thermodynamically stabilized via intermolecular interactions during aggregation. Our results suggest that the fate of a peptide may be determined during the short time window of nonequilibrium folding dynamics following key events such as cleavage of the peptide from its precursor protein, and that the type of rate-limiting misfolded intermediates we describe here are the seeds of oligomerization.
